Purpose -In spite of having a number of general-purpose algorithms for solving plant layout problems, facility planners may still face a challenging task to adjust these algorithms to handle special, but not uncommon, layout problems. The purpose of this study is to propose a new method for addressing the impact of overhead space utilization on a plant layout solution. Design/methodology/approach -A new method for adjusting material flow under a mixed floor and overhead material handling condition is incorporated in an existing plant layout procedure. A case study involving the layout improvement in a lawn mower engine assembly facility is presented to illustrate the effectiveness of the proposed method. Findings -The analysis of solutions for the case study shows that the layout generated by the proposed modified material flow approach is a more economical solution. The case also shows, when it is important to optimize the use of space, the overhead space should be considered as part of any methodology for designing a good layout. Research limitations/implications -The proposed modified material flow approach can be applied to any facility where the use of overhead space for material handling is justifiable by limited floor space and/or by high cost of land. The proposed method can be applied to small to medium size problems with minimal computational effort. However, as the size of facility grows, the manual calculation becomes more time consuming and potentially erratic. Originality/value -This paper should be useful to both researchers and practitioners who deal with overhead space utilization in designing facility layouts.
Introduction
The efficiency of a manufacturing facility depends on a number of factors, including the layout of machinery and departments. Typical plant layout procedures determine how to arrange the various machines and departments to achieve minimization of overall production time, maximization of turnover of work-in-process, and maximization of factory output.
A number of procedures have been developed to aid facilities planners in designing new layouts or improving existing layouts. Meller and Gau (1996) listed more than 90 published layout models and algorithms. These layout algorithms are based on two types of objective functions: distance-based and adjacency-based. The common parameters in these objective functions are interdepartmental flow, f ij ; unit-cost values, c ij ; distance between departments, d ij ; and department closeness rating, x ij . A distance-based objective function aimed at minimizing distance between departments is expressed mathematically as:
i¼1 j¼1
One of the distance-based layout algorithms is MULTIPLE (Bozer and Meller, 1997) in which improvement to layout is sought through a two-way exchange, and at each iteration the exchange that leads to the largest reduction in layout cost is selected. LOGIC uses quantitative flow data and divides the layout into smaller portions by successive horizontal or vertical straight cuts, and then departments are placed left, right, above, or below the cuts based on the associated cost (Tam, 1991) . Algorithms developed according to the adjacency-based objective function are intended to maximize the adjacency score, which is computed as the sum of all flow values between those departments that are adjacent in the layout. The objective function is expressed mathematically as:
The graph theory method (Seppannen and Moore, 1970 ) is an adjacency-based objective function method in which each department is represented by a node in a graph. A satisfied department adjacency relationship is presented by an arc connecting the two adjacent departments (nodes) in the graph. The objective is to construct a layout to maximize the sum of arc weights, to maximize the weight on the adjacencies between department pairs. In addition to the aforementioned heuristic methods, a number of mathematical and stochastic-based algorithms for solving a facility layout problem have been proposed in the literature, including genetic algorithms (GA). GA explore the solution space by using concepts taken from genetics and evolution theory (Tavakkoli and Shayan, 1997) . One recent version of the GA approach (Adel El-Baz, 2004 ) determines the optimal layout for different material flow systems, which minimizes the total material handling (MH) cost. Azadivar and Wang (2000) proposed a GA approach combined with simulation modeling to develop a layout design technique that not only considers minimal MH cost, but also emphasizes on other performance measures such as production rates and cycle times.
Some algorithms determine departmental closeness ratings based on qualitative data; others convert quantitative flow data to closeness rating values. BLOCPLAN (Donaghey and Pire, 1990 ) uses an activity relationship chart as well as a From-To chart as input data for the material flow. It considers all possible two-way or three-way department exchanges in a number of iterations until the layout with minimum objective function cost is obtained. Systematic layout planning (SLP) is a procedure based on an activity relationship chart and material flow analysis (Muther, 1973) . Departments are graphically placed as close to each other as possible, depending on the value of the closeness rating, which is based on material flow intensity and/or practical factors such as environmental and safety factors.
The foregoing algorithms represent a sample of existing plant layout methods. These and other methods are designed for general-purpose applications and may not be effective tools for solving layout problems in certain cases. The case addressed in this study considers material transfers by both floor and overhead types of carriers.
In this case, the principle of minimization of material flow may not be a desirable objective for every material move within the facility because the overhead space is used as a means to maximize facility space utilization and as a buffer zone to balance the workload among departments. It is fair to say that without taking the overhead space utilization factor into consideration, the deployment of any plant layout procedure may result in a layout solution that could perform far below an optimal level. There is little or no discussion about this issue in published works. The closest studies that can be found in the literature are those which address the problem of multi-floor layout design. For example, Patsiatzis and Papageorgiou (2002) presented a general mathematical formulation for the multi-floor plant layout problem with the objective of determining the number of floors, land area, optimal equipment-floor allocation with minimal total plant layout cost. A similar research has been conducted by Matsuzaki et al. (1999) which presented an algorithm to get a solution of the layout problem for multiple floors by incorporating elevators for material handling.
In this study we propose a procedure for dealing with mixed floor and overhead material flows in existing facilities. To demonstrate the effectiveness of the proposed approach, a case study involving a major lawn mower engine assembly facility is presented.
Modified material flow procedure
In general, there is strong relationship between the amount of material flow and the proximity of departments when one of the facility planning procedures is deployed. That is, the larger the amount of flow between two departments, the closer they are positioned to each other. In addition to material flow data, other factors such as environmental factors, building constraints, and/or the MH system configuration may play a critical role in attaining a practical solution.
As mentioned earlier, the issue of overhead space utilization and its trade-off with interdepartmental distances has not been addressed in the literature. Most existing procedures aim at placing departments as close as possible to each other due to significant material flow and regardless of whether the material is transported by floor equipment or by overhead equipment. However, when the overhead space utilization is considered, the material flow should not have the same impact on determining the closeness of the departments. This is due to the fact that using overhead space can be beneficial in that, first, it plays the role of a buffer zone for holding parts while the materials are in transit, and second, the overhead space can balance the workload between departments. Therefore, to reflect the impact of overhead space utilization in the final layout, it is necessary to adjust the material flow data such that it would not cause the departments on the two ends of a particular travel path to be placed so close to each other that the benefit of overhead space utilization is undermined.
In view of above discussion, a cost-based modified material flow (MMF) measure is defined as:
MMF costðijÞ ¼ R ij U overheadðijÞ ð3Þ
Where U overhead(ij) represents the overhead material flow volume in unit loads between departments i and j. R ij is a weighting factor that represents the ratio of the operational cost of moving materials between departments i and j by overhead equipment to the operational cost of moving the same volume of materials by floor equipment in a hypothetical scenario:
where, L ij actual length of overhead MH equipment between departments i and j; C OH operating cost of overhead MH equipment per foot per part; D FL(ij) distance between departments i and j if material were moved by a floor material handler; C FL operating cost of moving material by a floor material handler per foot per part.
In equation (4), a number of factors have been considered, including the cost of operating overhead and floor MH equipment, the length of overhead MH equipment such as monorails or trolleys, and the distance between departments.
By using R ij factor in equation (3), the actual material flow, U overhead , is intentionally increased or deceased. For example, if the operational cost of using of fork lift truck is less than the cost of using an overhead conveyor, then R ij . 1 and as a result, the modified material flow, MMF, would be higher than the actual material flow between the two involved departments. This intentional increase in material flow volume may result in positioning the two departments closer to each other, which translates to less utilization of overhead space. In this example, it is obvious that the use of a fork lift truck is more economical than using an overhead conveyor.
Next, the effect of utilization of overhead MH equipment is taken into consideration by modifying the equation (1) as follows:
where Ut ij represents the historical utilization of overhead MH equipment between department i and j:
In equation (5), the overall modified material flow, MMF, would not be affected at Ut ij ¼ 1.0. As the utilization of overhead MH equipment decreases the MMF decreases accordingly. The impact of such intentional adjustment is that the reduced flow volume would not be as significant as actual flow volume between departments i and j. Consequently, the two departments may be positioned farther apart for the sake of enhanced use of the space above them.
The algorithmic form of a procedure for applying modified material flow, MMF, to an existing plant layout problem is as follows:
(1) determine the number of unit loads (pallets, baskets, or boxes) for floor material flow; (2) for material flow moved by an overhead MH device, determine the equivalent unit loads in number of pallets or baskets (U overhead(ij) ); (3) determine the adjusted material flow using equation (5); (4) set up a From-To chart that includes unit loads for floor and overhead moves as well as modified unit loads for overhead moves; (5) use the From-To chart generated in step 4 as input to one of the available plant layout methods to generate two layout alternatives,with and without material flow data modification; and (6) compare the performance of the alternative layouts.
The proposed modified material flow procedure will be applied to the layout of a lawn mower engine assembly plant, as described below.
Case study
The facility under study is a manufacturing and assembly plant that produces internal combustion engines in various sizes for lawn movers. The plant produces over three millions engines a year. The under roof facility encompasses 300,000 square feet, operates ten different shops and two assembly lines in two shifts.
Currently parts are transferred by various MH equipment including manual trucks, power fork lift trucks, conveyors and overhead trolleys. It appeared that the combination of overhead and floor MH methods in this facility, created an environment suitable for application of modified material flow procedure proposed in this study.
The examination of the parts lists revealed that there are more than 200 components used in the assembly of a typical lawn mower engine. Furthermore, more than 80 percent of the parts are imported from various vendors and the remainder are fabricated in-house. It was also noted that only 5 percent of the components account for 90 percent of the MH activities. Table I shows the daily volume of material flow and the type of MH equipment for the components with the highest material flow. Figure 1 shows the current layout of the facility along with the material flow diagram. The broken and solid arrows indicate overhead and floor material flow, respectively.
Following the six-step procedure described previously, adjusted unit loads, MMF overall , are calculated for the flow between a number of departments where overhead material handlers are deployed. Table II shows a list of these departments as well as data required for calculating MMF overall values. In determining cost data for overhead material handlers and fork lift trucks, a number of factors are taken into consideration, including electricity consumption, maintenance, and labor costs.
The distance between departments is determined as follows: the distance traveled along the aisles for floor material handlers and the actual length of monorails for overhead material moves. The lengths of overhead monorails and trolleys were accurately measured using available CAD data. Figure 2 shows a From-To chart that consolidates flow volumes for all materials transferred by floor and overhead equipment.
Next, the numerical flow data shown in the From-To chart is used as input to one of the common facility layout planning methods known as SLP, devised by Muther (1973) . SLP is not only a proven tool in providing layout design guidelines, but it is also widely used among commercial enterprises and academic institutions (Yang et al., 2000) . Based on SLP, closeness ratings of A, E, I, and O between the departments are generated and incorporated in the same chart. For the overhead transporters, the closeness ratings were determined based on corresponding MMF overall(ij) values, and the results are shown in shaded boxes in Figure 2 . Then, based on the ranking of closeness ratings, a spatial layout is developed indicating the relative location of departments. Finally, the spatial block layout is transformed into a layout that conforms to the actual boundary of the engine assembly facility.
Figures 3 and 4 show two alternative layouts developed using the SLP method: with and without flow adjustment. It is noteworthy to mention that in this facility most material flows are directed from various departments toward the final engine assembly line in department 132. Therefore, one can expect a good layout solution to reflect shorter distances between the main assembly line and almost all other departments. However, when the modified material flow approach was applied, a rather different solution was obtained. To this end, the following analysis can be made when the existing layout, and the two alternatives are compared:
. In both alternative layouts, diecasting departments remained next to each other at their current location on the left side of the engine assembly facility. This was due to the nature of the diecasting process and its high level of noise, heat, and fumes. Figure 4 . Improved layout using adjusted material flow As a result, department 109 stayed at its current location in alternative (a), as shown in Figure 4 . This change of relationship is due to the impact of overhead space utilization between the two departments. As can be seen in Figure 4 , by keeping the crankshaft machining department at its current location, departments 100, 105, 117, and 118 did not have to be relocated as in alternative (b), saving a significant relocation cost.
. The blower housing press department (No. 106) has an (I) relationship with the final assembly department in alternative (b) and stayed at its current location. However, in alternative (a), department 106 had an (O) relationship with the final assembly department. Because this is an ordinary closeness rating, department 106 has been moved farther away from department 132, which in turn opens some space in the center of the facility so departments 102a and 114, which have (I) relationships can be positioned adjacent to each other.
Next, the original layout and the two alternatives are compared using the total operating cost (TOC) of overhead and floor MH equipment. TOC is expressed as follows:
where C OH , L ij , C FL , and D FL(ij) are as previously defined. Using the data in Table I and interdepartmental distances, the TOC for each of the three layouts are obtained as follows:
(1) TOC for the existing layout: $3096 (2) TOC for alternative (a) (flow adjustment allowed): $2450 (3) TOC for alternative (b) (flow adjustment not allowed): $2633
Alternative (a) outperforms both the existing layout and alternative (b). Moreover, there are two disadvantages associated with alternative (b) that make it even less attractive. First, it prevents utilization of overhead space due to unnecessarily shorter distances between some departments. Second, there are extra costs associated with relocation of equipment. These conclusions were supported by the engineering staff of the facility who agreed that alternative (a) was superior to both the existing plan and alternative (b).
Conclusion
This paper described a procedure for incorporating overhead space utilization in existing plant layout algorithms using a modified material flow approach. The SLP method (Muther, 1973 ) was used as a means for to develop a solution methodology. The combined SLP and MMF procedure generates two solutions for improving the plant layout. The first solution is based on actual material flow data. The second solution is based on actual material flow data adjusted by a material flow factor, to account for overhead space utilization and associated MH costs. In this study, the applicability of the proposed method has been demonstrated by a case study in a lawn mower engine assembly facility. The analysis of the two layout solutions showed that the layout generated by the modified material flow factor is a more economical solution. Clearly, a practical and economical layout is not always as straightforward as finding a layout with minimum travel distances or minimum MH costs. As this case study shows, when it is important to optimize the use of space, the overhead space should be considered as part of any methodology for designing a good layout.
The proposed MMF approach can be applied to any plant layout problem where the use of overhead space for material handling is justifiable by limited floor space and/or by high cost of land. The proposed method can be also applied manually to small to medium size problems with minimal computational effort. However, as the size of facility and the number of departments grow, the manual calculation becomes more time consuming and potentially erratic. To overcome such limitation and as an extension to this study the proposed MMF approach can be incorporated in a facility planning software such as BLOCPLAN or FactoryPLAN. Another interesting extension to this study would be to investigate how the other plant layout procedures such as LOGIC or MULTIPLE perform under similar conditions where a mixed floor and overhead flow exist.
